We report an experimental demonstration of generating gap soliton trains in a four-wave-mixing (FWM) signal. Such spatial FWM surfacelike gap soliton trains are induced in a periodically modulated self-defocusing atomic medium by the cross-phase modulation, which can be reshaped under different experimental conditions, such as different atomic densities, nonlinear dispersions, and dressing fields. Controlling spatial gap solitons can have important applications in image memory, processing, and communication.
I. INTRODUCTION
As a laser beam propagates in a Kerr-type nonlinear medium, its spatial beam profile can become unchanged when the spatial diffraction is balanced by the self-focusing effect due to the self-phase modulation Kerr nonlinearity, which is generally called a spatial optical soliton [1] . Moreover, optical solitons can form in the nonlinear media due to cross-phase modulation (XPM) in the self-defocusing regime [2, 3] , in which the spatial diffraction of the beam is compensated by the strong XPM nonlinearity [4] . In recent years, many new spatial soliton effects, such as discrete solitons [5, 6] , gap solitons [7] , surface gap solitons [8, 9] , and vortex solitons [10] , have been investigated (both theoretically and experimentally) in waveguide arrays [9] , fiber Bragg gratings [11] , Bose-Einstein condensates [12] , and photorefractive crystals [5, 6] . For the formation of the gap solitons, the band gaps of the linear spectra are essential and they usually originate from the periodical structure in fiber Bragg gratings, photonic crystals, and even the standing wave in an atomic ensemble [13] . In achieving such interesting spatial effects, large refractive index modulations are needed either by fixed periodic structures (such as waveguide arrays) or reconfigurable optical lattices induced by laser beams as in the photorefractive crystals [7] . For example, to observe spatial gap solitons in a photorefractive crystal, two strong laser beams are used to write an optical lattice in the crystal with refractive index variation of at least 10 −4 . When two probe Gaussian laser beams are launched into this optical lattice in the opposite inclination angles, the two counterpropagating waves are Bragg scattered and nonlinearly coupled to generate spatial gap solitons at the output [7] .
Although spatial solitons were observed in atomic media many years ago [1] , the spatial gap solitons have not been seen in atomic medium due to the difficulty in creating optical grating with large refractive index modulation. In this article, we show that by making use of the greatly enhanced Kerr nonlinearity due to atomic coherence in multilevel atomic systems [14] , large refractive index modulation can be achieved with pulsed laser beams. Also, due to strongly enhanced fourwave-mixing (FWM), processes in such coherently prepared * ypzhang@mail.xjtu.edu.cn † mxiao@uark.edu atomic media [15] [16] [17] , the strong nonlinear couplings between propagating waves can easily generate modulated spatial optical solitons, or gap solitons, in the probe laser beams, as well as in the generated FWM beams. More importantly, the spatial Kerr nonlinear index of the atomic medium, and therefore the spatial gap soliton patterns, can be easily controlled by the intensities and frequency detunings of the pump (dressing) laser beams [14, 16] . Such studies of spatial optical gap solitons in multilevel atomic media open a new door for investigating the novel spatial soliton effects and their potential interplays with spatial image storage [18] , entangled spatial images [19] , soliton pair generation [20] , and influences of higher-order (such as fifth-order) nonlinearities [16] .
II. THEORETICAL MODEL AND EXPERIMENTAL SCHEME
Two relevant experimental systems are shown in Figs. 1(b) and 1(c). Three energy levels from Na atoms (in a heat-pipe oven) are involved in the experimental schemes. In Fig. 1(c) , energy levels of |0 (3S 1/2 ), |1 (3P 1/2 ), and |2 (3P 3/2 ) form a three-level V-type atomic system. When the energy level |2 is not used, the system reduces into a two-level one [ Fig. 1(b) ]. The laser beams are aligned spatially as shown in Fig. 1(a) , with two dressing beams (E 1 and E 2 ) and two pump beams (E 1 and E 2 ) propagating through the atomic medium in the same direction with small angles (1.5 • ) between them in a square-box pattern. The probe beam (E 3 ) propagates in the opposite direction of E 1 and E 2 , as shown in Fig. 1(a) . The three laser beams (E 1 , E 1 , and E 3 , with Rabi frequencies G 1 , G 1 , and G 3 , connecting transition |0 to |1 ) have the same frequency ω 1 (from the same laser with a 10-Hz repetition rate, 5-ns pulse width, and 0.04 cm −1 linewidth) and generate an efficient degenerate FWM signal Fig. 1(b) ] in the direction shown at the lower right corner of Fig. 1(a) . The beams E 2 and E 2 (with Rabi frequencies G 2 and G 2 , and connecting transition |0 to |1 ) are from another neartransform-limited dye laser of frequency ω 2 and participate in a nondegenerate FWM process to generate Fig. 1(b) ]. When the five laser beams are all on, there also exist other two one-photon resonant nondegenerate FWM processes k F3 = k 3 + k 2 − k 1 and k F4 = k 3 + k 1 − k 2 . However, the coexisting E F1 and E F2 are the dominant ones [15, 17] . According to these FWM phase-matching The FWM processes (to generate E F2 or E F1 with two beams E 2 and E 2 or E 1 and E 1 , respectively) in a two-level atomic system. (c) The FWM processes (to generate E F2 or E F1 with two beams E 2 and E 2 or E 1 and E 1 , respectively) in the V-type three-level atomic system. conditions, we can obtain the coherence lengths in two-level system as L
.0 nm, where n 1 ≈ 1 is the linear refractive index and 1 ( 2 ) is the detuning of the fields E 1,3 and E 1 (E 2 and E 2 ) from the atomic transition.
When the beams E 2 and E 2 are tuned to |0 − |2 , the system becomes a three-level V-type one [ Fig. 1(c) ], which generates a different one-photon resonant nondegenerate FWM process E F2 [15] . In this case, the coherence lengths are
2 ] ≈ 20.5 m for E F2 with λ 1 = λ 3 ≈ 589.0 nm and λ 2 ≈ 589.6 nm. Moreover, the images of E F1 and E F2 in this system can be captured by the CCD camera in the x-y plane, similar to that in the two-level system. Such a multibeam configuration is needed to create two FWM gap solitons simultaneously so the interactions between them can be studied. In the experiments, the sodium vapor is heated to 250
• C (with an atomic density of 3.6 × 10 13 cm
approximately) when the typical gap solitons start to appear. The stronger dressing beams E 1,2 are approximately 10 times larger than the pump beams E 1,2 and 1000 times larger than the weak probe beam E 3 and the two generated FWM beams E F1,F2 . So E 1,2 can strongly influence the signal beams E F1,F2 . The mathematical description of the self-and cross-Kerr nonlinearities of the weak beams E F1,F2 can be obtained by numerically solving the following propagation equations:
where
has the physical meaning of the diffraction length and w 0 is the spot size of the probe beam) and ξ = x/w 0 (y/w 0 ) are the longitudinal and transverse coordinates, respectively; u F1,F2 = A F1,F2 /I 1/2 and u 1,2 = A 1,2 /I 1/2 are the normalized amplitudes of the beams E F1,F2 and E 1,2 , with I being the intensity for both E 1 and E 2 fields. The wave numbers are k F1 = k F2 = ω 1 n 1 /c in the two-level system, with n 1 being the linear refractive index. n S1, 2 2 are the self-Kerr nonlinear indices for the E F1 and E F2 beams, and n X1−X4 2 are the cross-Kerr nonlinear indices for the E 1,2 beams. By solving the density-matrix equations with the steady-state approximation (the nonlinear response time here is about 20 ps, much shorter than the pulse-width of 5 ns, which ensures this approximation to be appropriate in the interacting duration), these nonlinear indices can be obtained with n 4 in the two-level atomic system, where η 1−4 represent the complex expressions with frequency detunings, relaxation rates, and Rabi frequencies of the dressing fields.
The beams E 1 and E 1 (E 2 and E 2 ) interfere with each other to make the refractive index vary periodically along the ξ axis due to the modulation of the interference pattern, resulting in a spatial refractive index grating. We can use n T i (ξ ) = n i0 + n ip cos(2πξ/ i ) + n ip cos(4πξ/ i ), i = 1,2, to describe its one-dimensional periodic variation along the ξ axis, where n i0 is the space-independent part of refractive index and n ip cos(2πξ/ i ) accounts for the periodic variation of both the linear and nonlinear refractive indices and n ip cos(4πξ/ i ) is responsible for the nonlinear index inside the grating. Here i is the period of the interference pattern and is given by i = λ i /θ ≈ 22 µm in the two-level atomic system, where θ = 1.5
• is the angle between the beams E 1 and E 1 (E 2 and E 2 ). In Eq. (1) (denoting the propagation process in which the Kerr nonlinearity plays an important role), the periodic term cos 2 (πξ/ 1,2 ) then describes the spatial periodic Kerr nonlinearity induced by the interference pattern of the beams E 1 and E 1 (or E 2 and E 2 ).
Differing from the periodic refractive index due to the standing wave in the atomic ensemble [13] and the induced grating by two noncollinear beams in photorefractive crystal [7] , the spatial refractive index gratings in our experiment are created by noncollinear beams in the atomic medium. Specifically, the beams E 1 and E 1 in the x-z plane (E 2 and E 2 in the y-z plane) are horizontally (vertically) aligned [ Fig. 1(a) ]. Then the body grating G1 (G2) induced by E 1 and E 1 (E 2 and E 2 ) has a periodic index change along the x (y) axis. Passing through a polarization-beam splitter, all the beams involved have their polarizations parallel to the x-z plane (optical table plane) and therefore the beams E 3 , E 1 , and E 1 are TM polarized in grating G1, while E 3 , E 2 , and E 2 beams are TE polarized in G2. This specific configuration shown in Fig. 1(a) can bring interesting phenomena. By counterpropagating with E 1 (E 2 ), the probe beam goes into the grating G1 (G2) at the edge of the interference region with homogeneous areas. Then, the profile of the FWM signal E F1 (E F2 ) will be asymmetric and the maximal peak will be at the left (down) side in a forward view in Fig. 1(a) due to the surface effect caused by the significant difference in the refractive indices at the edge [8, 9] . Moreover, it is easy to investigate the mutual splitting of the two FWM gap solitons with such a configuration.
The spatial periodic indices in the gratings lead to photonic band gaps. The linear and third-order susceptibilities can be described in periodic expressions χ ,2 ) ], respectively, where A i and B j (i =1, 2 and j = 1, 2, 3) depend on the probe frequency (detuning 1 ) but are spatially invariant. 1 and 2 are for gratings G1 and G2, respectively. By substituting these periodic expressions into the Maxwell's equation
1,2 cos 2 (4πζ / 1,2 )]E 3 = 0 and solving it with the plane wave-expansion method and two-mode approximation, we can obtain the dispersion relation between the Bloch wave number and the detuning 1 , which implies the existence of the band gap structures with the gratings. Propagating in the gratings, the probe beam experiences Bragg diffraction from them and can be reflected when its frequency falls in the forbidden bands. In our experiment, with 1 in the gaps and incident angle near zero, the probe beam E 3 will suffer intense Bragg diffraction and will be reflected. Then, the signal along the propagation direction of E F1 (E F2 ) is enhanced significantly, while the transmission of E 3 is suppressed.
With some appropriate approximations, one can get
1/2 ξ ] cos φ NL when gap solitons are formed, where the nonlinear phase shift is given by φ NL (z,ξ ) = 2k F1,F2 n 2 zI exp{−[w 0 (ξ − 1)] 2 }/n 1 and w 0 is the spot size of the dressing beam. n 2 is negative for a self-defocusing medium while positive for a self-focusing medium. We assume Gaussian profiles for the input beams and solve Eq. (1) by using the commonly employed split-step method. Figure 2 shows the splitting in the self-focusing region ( 1 < 0) and the formation of gap solitons in the self-defocusing region ( 1 > 0) of the FWM signal E F2 and the nonlinear refractive index n F2 versus 1 . In determining the strength of the Kerr nonlinearity, the nonlinear refractive index is n 2 = Reχ (3) /(ε 0 cn 1 ) and
III. EXPERIMENTAL OBSERVATION OF GAP SOLITONS
10 /(h 3 ε 0 G F2G 2 2 ), with N 0 being the atomic density and µ ij being the dipole-matrix element of the transition |i to |j . Here,ρ
andG 2 = G 2 cos(k 2 y). In the self-focusing side, while the nonlinear refractive index n 2 changes from minimum to maximum (left to right), E F2 beam breaks up from one to three parts, with one large and two small pieces. Thus, the E F2 beam in the self-focusing side propagates with discrete diffraction. However, in the self-defocusing side, where n 2 changes from near zero to large negative value, the E F2 beam breaks up into many peaks with an approximate fringe space of 2 and forms surfacelike gap solitons, which are due to the nonlinear coupling between the laser beams in the Kerr nonlinear medium [4] and the induced grating of E 2 and E 2 . There only exists one spot at resonance where n 2 is close to zero. The reason is that, according to the expression of nonlinear phase shift φ NL , when n 2 is zero, φ NL (y) becomes zero, too. When n 2 increases, the oscillation frequency w(n 2 ) [φ NL (y) ≈ w(n 2 )y 2 ], which is proportional to n 2 along ξ , gets larger, too. With the total effects of the spatial refractive index grating, diffraction, and cross-Kerr nonlinearity, the beam becomes trapped and forms spatial gap solitons. The best frequency detuning for the gap soliton is around 1 = 15 GHz with n F2 = −4.7 × 10 −6 cm 2 /W. Here, we have demonstrated a transition from forming discrete to gap solitons when crossing from self-focusing to self-defocusing region by adjusting the nonlinear dispersion with frequency detuning [6] .
With the temperature in the heat pipe oven increased gradually, the temperature effect on the FWM signal can be investigated. Considering the low wave-mixing efficiency below 230
• C and the strong absorption of dressing fields above 260
• C, we choose 230
• C ∼ 260 • C to be the 053837-3 temperature range for this investigation. Setting 1 = 30 GHz (the corresponding n 2 is very small) far from the best detuning, we obtain the intensity curves of the FWM signal E F1 under different temperatures as shown in Fig. 3(a) . The profile of E F1 is quite irregular at low temperatures (T = 230
• C and 240
• C) but becomes more vivid at higher temperatures (near T = 250
• C). The atomic density N 0 is determined by the temperature in the atomic vapor, the change of which is equivalent to the change in the propagation distance z. The profile of the E F1 is modulated by the term cos 2 φ NL with φ NL (z,x) ≈ 2k F1,F2 n 2 zI w 2 [(x/w 0 − 1)] 2 /n 1 , which results in the formation of the periodic appearance. When the temperature is low, the spatially modulating period is too large that there is no clear periodic appearance. When the temperature is increased, the decreasing spatial period leads to clearer periodic appearance and the most defined stripes appear around 250
• C. Thus 250
• C is the optimal temperature in the instable range of 230
• C ∼ 260
• C. However, we can overcome this instability to obtain the stable gap solitons by controlling n 2 to be much larger, which will be described below. Now, let us consider the influence of the dressing field on the FWM signal, as shown in Fig. 3(b) . Gap solitons in the E F1 beam do not exist when the dressing field power (G 1 ) is low. When G 1 gets larger, the influence of the dressing field intensity on gap solitons becomes dramatic, and gap solitons obviously appear with G 1 = 9.6 GHz and G 1 = 29.7 GHz. This is due to the fact that for E F1 the interference pattern formed by E 1 and E 1 is very important in the generation of the gap solitons. When the dressing field E 1 becomes much stronger, the nonlinear phase shift φ NL increases, and the oscillation frequency w(I ) gets larger accordingly, causing vague appearance. So the best intensity of the dressing field for E F1 to form gap solitons is around G 1 = 21.7 GHz with n F1 = −9.4 × 10 −6 cm 2 /W. Figure 3(c) shows the difference of the FWM signal E F1 between the two-level (triangle) and the V-type three-level (circle) systems. The spatial index gratings in the x-z plane in these two cases can be both expressed with n T 1 (x) = n 10 + n 1p cos(2πx/ 1 ) + n 1p cos(4πx/ 1 ). Balancing with the diffraction of the signal beam in the propagation, the Kerr nonlinearity can be characterized by the nonlinear refractive index n 2 = Reχ (3) /(ε 0 cn 1 ) with
10 /(h 3 ε 0 G F1G 2 1 ). Specifically, for the two-level case,ρ
, while for the V-type three-level case,
, and
where the asterisk in the superscript represents the conjugate. Apparently, the gap solitons in the FWM beam profiles are more vivid in the two-level system than in the V-type three-level system. This is due to the fact that the formation of gap solitons in the E F1 beam is affected significantly by the interference between the E 1 and E 1 beams, which are inner dressing fields for the two-level system and have stronger cross-Kerr nonlinear effect. However, for the V-type three-level system, these fields are outer dressing fields and have a weaker cross-Kerr nonlinear effect [17] . In this work, we mainly discuss gap solitons in the two-level system. The dotted curves in Fig. 3 are the simulated results from the propagation equations with practical parameters used in the experiment, which show excellent agreements with the experimentally measured spatial profiles.
In Fig. 4 , we show the trapped gap solitons of the E F1 and E F2 beams. Here, the E F1 beam creates horizontal (along the x direction) dragging gap solitons [ Fig. 4(a) ], and the E F2 beam forms vertical (along the y direction) dragging ones [ Fig. 4(b) ]. As described in Sec. II, E 1 and E 1 fields interfere with each other horizontally and the induced grating G1 extends periodically along the horizontal direction. So the probe beam E 3 interacting with it will be diffracted along the horizontal direction and the gap solitons of E F1 have an oscillating structure in that direction. Similarly, the vertical grating, induced by the vertically aligned E 2 and E 2 fields, is responsible for the vertical oscillating appearance of the E F2 beam. To get the steady solitons, the focusing effect due to the XPM should exactly compensate the spatial diffraction of the generated FWM signal beam. The results in the top row of Fig. 4(a) and those in 4(b) show the trapped gap solitons of the E F1 and E F2 beams in the two-level system, respectively. As the temperature increases, the corresponding atomic density increases by m = 0.57 times and the propagation distance L = mL h = 11 cm of 053837-4 such soliton is 21.7 times longer than the diffraction length
, where L h = 19.4 mm is the half-length of the heat pipe oven. In the experiment, the perturbation of n 2 concomitant with the increment of temperature is sufficiently small and can be neglected. From the expression of φ NL , we can conclude that n 2 here under the optimal detuning and dressing configuration is sufficiently large to ensure that the stripes are clear and to overcome the instability of the modulation period as shown in Fig. 3(a) . Therefore, the spatial profiles, or the oscillation frequencies of the beams E F1 and E F2 , change very little (except with a breathing) in the propagation distance. This indicates that at certain probe frequency detuning and dressing field intensity, steady propagation of gap solitons (i.e., no change with increasing temperature) can be achieved. In contrast, the fringes of the profile of the E F1 beam diffuse quickly in the bottom row of Fig. 4(a) due to the linear diffraction with a tiny Kerr nonlinearity when 1 is near 35 GHz. Also, we can see that these gap solitons are asymmetric and such surfacelike characteristics match well with the prediction in Sec. II. When E 1 and E 2 dressing together, besides the gap soliton appearance in the x direction induced by the interference of E 1 and E 1 as described above, the signal field E F1 is aligned to the dressing field E 2 partially in the y direction ( Fig. 1(a) ), and thus it can be split by E 2 in that direction. Similarly, under the same condition, the E F2 beam shows the gap solitons in the y direction and the splitting in the x direction [ Fig. 5(iv) ], with n F2 = −2.9 × 10 −6 cm 2 /W. Here, the grating induced by the interference of the E 2 and E 2 fields causes the formation of gap soliton of E F2 in the y direction, while E 1 aligned partially to overlap with E F2 in the x direction leads to the splitting in that direction, contrary to the case of E F1 . The cross sections of the E F1 and E F2 beam images in the y direction and x direction are shown in the right side of Fig. 5 . Furthermore, interacting FWM gap soliton pairs of the E F1 and E F2 beams can coexist in the same self-defocusing atomic system.
IV. CONCLUSION
Compared with the gap solitons created in the photorefractive crystals, the gap solitons formed in the atomic media are with flexible and easy to control parameters, such as atomic density, intensities of the dressing fields, frequency detunings of the beams, and nonlinear dispersion.
